Radiotherapy plays an important role in the treatment of rectal cancer. Three-dimensional conformal radiotherapy and intensity-modulated radiotherapy are mainstay techniques of radiotherapy for rectal cancer. However, the success of these techniques is heavily reliant on accurate target delineation and treatment planning. Computed tomography simulation is a cornerstone of rectal cancer radiotherapy, but there are limitations, such as poor soft-tissue contrast between pelvic structures and partial volume effects. Magnetic resonance imaging and positron emission tomography (PET) can overcome these limitations and provide additional information for rectal cancer treatment planning. PET can also reduce the interobserver variation in the definition of rectal tumor volume. However, there is a long way to go before these image modalities are routinely used in the clinical setting. This review summarizes the most promising studies on clinical applications of multimodality imaging in target delineation and treatment planning for rectal cancer radiotherapy.
Introduction
Colorectal cancer is a common malignancy and remains a formidable health burden worldwide [1] . Rectal cancer comprises approximately 33% of these cases [2] . Preoperative radiotherapy, often combined with chemotherapy, followed by a total mesorectal excision (TME), has become the standard of care for patients with locally advanced rectal cancer [35] . The success of radiotherapy is critically dependent on delivering an adequate radiation dose to tumor volumes while maximally sparing normal tissues and organs at risk [6] . However, these strategies are heavily reliant on accurate target delineation [7] . This review focuses on the clinical application of multimodality imaging in target delineation and treatment planning for rectal cancer radiotherapy, especially for preoperative radiotherapy.
Computed tomography
Historically, simulation and planning of radiotherapy for rectal cancer was based on orthogonal films. Rectal contrast and bony landmarks were used to delineate the treatment volumes, supplemented by clinical examination to aid definition of the inferior extent of the tumor. The availability of computed tomography (CT) and sophisticated treatment planning software has improved target definition, reduced geographic miss, and enabled the design of precision three-dimensional conformal radiotherapy (3DCRT) (Fig. 1) . Studies have shown that CT planning has advantages over orthogonal films in terms of definition of anterior and superior tumor borders and reduced toxicity in comparison with historical controls [8, 9] . However, visualization of pelvic structures using CT is limited by poor soft-tissue contrast between pelvic structures of similar Hounsfield units [10] . When contouring target volumes for rectal cancer, it is important to set an image gray scale that maximizes the contrast between soft-tissue infiltration and normal fat. It is also important to adequately visualize air in the bowel (particularly the large intestine) to properly identify normal tissue. The routine window for abdominal CT scans is not optimal for this targeting. It is better to select a window and level that emphasize densities within the mesorectum, and which adequately display the contrast between air in the large bowel and the surrounding fat. Myerson and Drzymala [11] recommend a level of about À60 Hounsfield units and a somewhat larger than routine window ($250 Hounsfield units) of approximately 600 Hounsfield units to help better identify both loops of bowel and perirectal soft-tissue densities.
According to previous research [11] and our clinical experience, we generally distend the rectum with 50 ml of air at the time of simulation, so that the imaged boost target volume will incorporate an upper bound on the extent of rectal movement. This maneuver will not be feasible in patients who have substantial tumor-associated pain. However, such patients invariably have very advanced cancers, which are fixed anyway. Knowledge of bowel location and dosevolume histogram information is important in planning boost portals and interpreting treatment plans and outcome. Therefore, patients should be simulated with small bowel contrast. Intravenous contrast is not usually necessary. Major vessels can readily be identified by following sequential 3-mm cuts.
Magnetic resonance imaging
During the past 2 decades, magnetic resonance imaging (MRI) has emerged as the most accurate staging modality for locally advanced rectal cancer. Dual phased-array, thin-section MRI has been shown to be the gold standard for rectal cancer staging, with sensitivities of 7191% and specificities of 78100% in detecting depth of penetration and lymph node metastasis [1215] . MRI addresses many of the limitations of CT, such as definition of depth of invasion through the rectal wall into local structures, and extension into presacral space and mesorectal circumference, which are high-risk areas for recurrence (Fig. 2) . MRI-defined tumor volumes for radiotherapy planning of rectal cancer could result in smaller, shorter, more accurate tumor contours, lying further from the anal sphincter [16, 17] . This would facilitate dose sparing to the normal tissues and escalation to the target.
ONeill et al. [18] reviewed imaging and planning data for 10 patients with locally advanced low rectal cancer. Tumor volume and location were compared for sagittal pretreatment MRI and planning CT. CT consistently overestimated all tumor radiologic parameters. Estimates of tumor volume, tumor length, and height of proximal tumor from the anal verge were larger on planning CT than on MRI. Tumor volumes defined on MRI are smaller, shorter, and more distal from the anal sphincter than CT-based volumes. Tan et al. [19] compared the volumetric and spatial relationships of gross tumor volume (GTV) derived from CT (CT-GTV) and GTV derived from MRI (MR-GTV) to determine the utility of multimodality imaging for radiotherapy treatment planning in rectal cancer. Fifteen patients with T3-stage rectal cancer were accrued in this study. All patients underwent a diagnostic MRI and CT and MRI simulation. Data sets were coregistered. Tumor volumes were analyzed for 3 anatomical subregions (sigmoid, rectal, and anal). The mean CT-GTV/MR-GTV ratio was 1.2. The tumor volume ratios for the rectal subregion were well correlated. CT-GTV provided adequate spatial coverage of tumor in reference to MR-GTV with an average mean discrepancy of 0.12. CT-GTV coverage was inadequate for tumors with MRI evidence of anal and sigmoid invasion. The investigators concluded that conventional simulation CT imaging provided a reasonable estimate of the GTV. Multimodality imaging with staging MRI can assist target volume definition where there is involvement of the sigmoid and anorectal region, and avoid geographic misses. In the study conducted by Seierstad et al. [20] , rectal tumor volumes assessed by MRI prior to and after 2 cycles of chemotherapy given in a neoadjuvant setting were used as input for a novel simultaneous integrated boost (SIB) strategy in preoperative radiotherapy for locally advanced rectal cancer. MRI was performed prior to and after neoadjuvant chemotherapy. Sagittal and axial T 2 -weighted MRI of the pelvis was acquired using a fast spin-echo sequence (repetition time range, 40006000 ms; echo time, 85 ms; echo-train length, 12; number of excitations, 4; matrix size, 512 Â 512; slice thickness, 5 mm; slice gap, 0 mm). In all tumor-containing axial T 2 -weighted MRI, GTV was manually delineated by an experienced MR radiologist. Planning CT images were rigidly coregistered with pre-and post-chemotherapy MRI using the coregistration option Mutual information in the treatment planning system. From the image registration, the MR-delineated GTV were automatically transferred to the CT planning basis. The investigators pointed out that MRI facilitated the delineation of boost volume for rectal cancer. [31] .
Compared with CT, MRI defines the target volume of rectal cancer more simply and accurately. Adding the invasion part on MRI to the target volume can decrease the local recurrence induced by missing the target. In addition, MRI can be used in determining the target volume for rectal cancer brachytherapy [21] . However, MRI also has its disadvantages, including lack of electron density information and potential image distortion. Tissue electron densities are required for accurate dose calculations and to account for tissue inhomogeneities within the treatment volume. Unlike CT data, whereby electron density can be automatically calibrated from Hounsfield units, MRI signal intensity has no such correlation. Therefore, CT images are also required for radiotherapy dose planning. Image coregistration has become an integrated tool in radiotherapy planning, and facilitates the use of multimodal imaging approaches for optimal target delineation [10] . Dean et al. [22] evaluated the CTMRI coregistration accuracy of 4 commercial rigid-body techniques for external-beam radiotherapy treatment planning for rectal patients. Seventeen patients with biopsy-proven rectal cancer were scanned with CT and MRI in the prone position without the use of fiducial markers. Two automated and 2 manual techniques on 2 separate treatment planning systems were compared with a reference coregistration. Accuracy and reproducibility were analyzed using a measure of target registration error (TRE) that was based on the average distance of the misregistration between vertices of the clinically relevant GTV as delineated on the CT image. An automated technique achieved the greatest accuracy, with a TRE of 2.3 mm. Both automated techniques demonstrated perfect reproducibility and were significantly faster than their manual counterparts. There was a significant difference in TRE between registrations performed on the 2 planning systems, but there were no significant differences between the manual and automated techniques. The automated registration technique offered a fast and accurate solution, with associated uncertainties within acceptable treatment planning limits.
More recently, diffusion-weighted MRI (DWI) has been documented as a potential tool for evaluation of tumors in the body [23] . DWI is used to measure the Brownian motion of water molecules in tissue, which has been shown to be inversely proportional to cellular density [24] , presumably because increased cellular density limits water diffusion in the interstitial space. The apparent diffusion coefficient (ADC), a quantitative parameter measured on DWI, has been shown to be useful for evaluating solid tumors in the abdomen and pelvis [25, 26] . DWI evaluates the diffusion capacity of water molecules and obtains information about microscopic structures such as cell density or necrotic cell clusters, and therefore indirectly assesses tumor aggressiveness [27] . Rao et al. [28] found that the addition of DWI to conventional T 2 -weighted imaging provides better detection of rectal cancer. In another study, Gu et al. [29] made a comparison between MRI and positron emission tomography (PET) combine with CT (PET/CT) for rectal cancer. They found the significant negative correlations between ADC and standardized uptake value (SUV) to suggest an association between tumor cellularity and metabolic activity in primary rectal adenocarcinoma. Van Brussel et al. [30] investigated the potential role of DWI in the delineation of the target. They used DWI in intensity-modulated radiotherapy (IMRT) dose painting for 5 rectal cancer patients. The boost volume was defined as a focal area of high signal detected in the rectum in high b value images (1000 s/mm 2 ). Photon IMRT and an SIB were used to treat the whole pelvis with 45 Gy, and the region with the maximum diffusion restriction (on DWI with the highest b value) with 52.5 Gy in 25 treatments. Dosevolume constraints for small bowel were met in all 5 patients with a combination of 6, 7, or 8 beams. As a functional imaging modality, DWI can detect rectal cancer more accurately and Figure 2 Outline of the gross tumor volume (GTV) on the simulation CT scan of a patient with rectal cancer in the supine position (left). The GTV is clearly shown on T 2 -weighted MRI (right). It was not evident on CT and was not clinically detected. The GTV is the macroscopic volume of the tumor. The GTV defines the tumor volume determined by clinical examination and imaging modalities (visible, palpable) [19] .
provide tumor metabolic information, which facilitated the dose painting of IMRT. DWI promises to become an important branch of bioinformation-guided radiotherapy research. MRI can affect the determination of both GTV and clinical target volume (CTV). The Radiation Therapy Oncology Group (RTOG) recommended that rectal cancer CTV should include at least the internal iliac, presacral, and perirectal nodal regions [31] . Although the contrast agent has not obtained approval by the US Food and Drug Administration, some studies have suggested that lymphotropic nanoparticle MRI (LNMRI) can improve the ability to characterize lymph nodes as benign or malignant beyond size criteria alone [32, 33] . As a novel imaging technique, LNMRI is mostly used in lymph node diagnosis of genitourinary tumor [34, 35] . Just as for prostate cancer, LNMRI may also affect the CTV for rectal cancer radiotherapy.
Application of MRI in radiotherapy treatment planning for rectal cancer is an emerging research area. We are unable to provide recommendations regarding the optimum protocols for the use of MRI in radiotherapy planning given the relatively lower experience and published patients numbers utilising this technique compared to that available for CT.
Positron emission tomography
PET has been recognized as an important imaging modality for the diagnosis and staging of many malignant diseases because of its ability to provide metabolic activity information on malignant tumors. For colorectal cancer, PET/CT has an accuracy between 83% and 93% for initial staging, 96% sensitivity and 97% specificity for local recurrence, and 95% sensitivity and 98% specificity for detecting distant metastases [36, 37] . PET/CT is increasingly being applied in oncology to assist with initial staging of tumors as well as monitoring response to therapy in several disease sites. This has translated into increased incorporation of combined-modality PET/CT into radiation oncology for treatment planning [38] (Fig. 3) . Buijsen et al. [39] compared CT-, MRI-, and PET/CTbased tumor length measurements in rectal cancer with pathology. Twenty-six patients with rectal cancer underwent both MRI and PET/CT imaging followed by shortcourse radiotherapy (5 Â 5 Gy) and surgery within 3 days after radiotherapy. Tumor length was measured manually and independently by 2 observers on CT, MRI, and PET/ CT. PET/CT-based tumor length measurements were also generated automatically using the signal-to-background-ratio (SBR) method. The SBR method was used to find for each patient a percentage threshold of the maximal SUV within a user-defined volume of interest around the tumor. All measurements were correlated with the tumor length on the pathologic specimen. CTbased measurements did not show a valuable correlation with pathology. MR-based measurements correlated only weakly, but still significantly. Manual PET/CT measurements reached a good correlation with pathology, but less strong than automatic PET/CT-based measurements, which provided the best correlation. This study demonstrated that automatically generated PET/CT-based contours show the best correlation with the surgical specimen, and thus provide a useful and powerful tool to accurately determine the largest tumor dimension in rectal cancer. Bassi et al. [40] compared CT with PET/CT scans with respect to rectal tumor volumes for 25 Figure 3 Axial unenhanced CT scan (left) shows ill-defined soft-tissue thickening in the perianal region (arrow) without definite evidence of a nodule/mass. Fusion PET/CT image (right) shows an intense focus of hypermetabolism corresponding to the soft-tissue thickening, suggesting rectal cancer, which can help the radiation oncologist to define the GTV [48] . patients with rectal cancer who were candidates for preoperative radiotherapy. The GTV and CTV were delineated on the basis of CT and PET/CT. In 24% of the patients, PET/CT affected tumor staging or the treatment purpose; in 12%, PET/CT showed an uptake in the regional lymph nodes, and in one case also in the liver. The PET/CT GTVs were statistically significantly larger than the CT GTVs, the mean difference being 25%. Braendengen et al. [41] compared delineation of GTV using PET/CT and MRI for a group of patients with rectal cancer. Seventy-seven consecutive patients were prospectively screened for inclusion in the study. Standard GTV was delineated using information from clinical examination, CT, and MRI (GTV-MRI). Thereafter, a GTV-PET was defined in the PET/CT, and the target volume delineations were compared for total volume, overlap, and mismatch. The median volume of GTV-MRI was larger than that of GTV-PET: 111 ml versus 87 ml (P50.001). In many cases, the GTV-MRI contained the GTV defined on the PET/CT images as subvolumes, but when a GTV total was calculated after the addition of GTV-PET to GTV-MRI the volume increased, with a median of 11%.
Another advantage of PET scanning is the ability to use the quantitative information of the tracer uptake within the tumor to automatically create a contour around the tumor. This contouring process significantly reduces the interobserver variability in the interpretation of images, as it eliminates the human factor, increases consistency, and diminishes interobserver variability [42, 43] . Krengli et al. [44] analyzed the interobserver variation for target volume delineation in preoperative radiotherapy of rectal cancer, and concluded that PET/ CT may allow a reduced interobserver variation in GTV delineation in comparison with CT. Buijsen et al. [45] analyzed the effect of the use of PET/CT on the interobserver variation in GTV definition in rectal cancer. Fortytwo patients diagnosed with rectal cancer underwent PET/CT for radiotherapy planning. An automatic contour was created on the PET scan using the sourceto-background ratio. The GTV was delineated by 5 observers in 3 rounds: using CT and MRI, using CT, MRI, and PET, and using CT, MRI, and PET auto-contour. GTV volumes were compared and concordance indices (CI) were calculated. GTV volumes based on PET were found to be significantly smaller. CIs increased significantly using PET, and the best interobserver agreement was observed using PET auto-contours.
PET seems to be promising in target determination, but there are several methodological issues that need to be addressed, including the method for tumor volume segmentation and the selection of optimal tracer for rectal cancer. In the study by Day et al. [46] , 3 segmentation methods were evaluated and compared for patients with rectal and anal cancer: percentage of the maximum SUV (SUV %max ), fixed SUV cutoff of 2.5 (SUV 2.5 ), and mathematical technique based on a confidence-connected region-growing (CCRG) method. The CCRG method is based on a region-growing method using the pixel intensity data of the tumor region in an iterative statistical manner to detect the edge of the tumor mass. PET/CT imaging studies for 18 patients who received radiotherapy were used to evaluate the segmentation methods. A PET-avid (PET avid ) region was manually segmented for each patient, and the volume was then used to compare the calculated volumes along with the absolute mean difference and range for all methods. For the SUV %max method, the volumes were always smaller than the PET avid volume by a mean of 56%. The volumes from the SUV 2.5 method were either smaller or larger than the PET avid volume by a mean of 37%. The CCRG approach provided the best results, with a mean difference of 9%. This study showed that the CCRG technique can be used in the segmentation of tumor volumes on PET images for patients with rectal cancer. Roels et al. [47] investigated the use of PET/CT with fluorodeoxyglucose (FDG), fluorothymidine (FLT), and fluoromisonidazole (FMISO) for radiotherapy target definition and evolution in rectal cancer. PET/CT was performed before and during preoperative chemoradiotherapy in 15 patients with resectable rectal cancer. PET images were used for treatment target delineation, and CT images on the different time points were nonrigidly registered. Mismatch analyses were carried out to quantify the overlap between FDG and FLT or FMISO tumor volumes (TV) and between PET TVs over time. Ninety sequential PET/CT images were analyzed. On each time point, the mean FDG-PET TV was significantly larger than the FMISO-PET TV but not significantly larger than the mean FLT-PET TV. There was a mean 65% mismatch between the FMISO and FDG TVs obtained before and during CRT. FLT TVs corresponded better with the FDG TVs (25% mismatch before and 56% during chemoradiotherapy). During chemoradiotherapy, on average 61% of the mean FDG TV (7 ml) overlapped with the baseline mean TV (15.5 ml). For FLT, the TV overlap was 49%, and for FMISO only 20% of the TV during chemoradiotherapy remained inside the contour at baseline. It was concluded that FDG, FLT, and FMISO-PET reflect different functional characteristics that change during chemoradiotherapy in rectal cancer. FLT and FDG show good spatial correspondence, while FMISO seems less reliable owing to the nonspecific FMISO uptake in normoxic tissue and tracer diffusion through the bowel wall. FDG and FLT-PET/CT imaging seem most appropriate for integration in preoperative radiotherapy for rectal cancer.
PET/CT affects rectal cancer staging, and increase target definition and contouring consensus. After thorough methodological research and combined use with MRI, PET/CT may come to play an essential role in target definition for rectal cancer.
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Conclusions 3DCRT and IMRT are the mainstay techniques for rectal cancer treatment. CT simulation is a cornerstone of these modern techniques, but has limitations, such as poor soft-tissue contrast between pelvic structures and partial volume effects. MRI and PET can overcome these limitations and provide additional information for the planning of rectal cancer treatment. In addition, PET can affect rectal cancer staging, and increase target definition and contouring consensus. However, there is long way to go before these imaging modalities are routinely used in clinical settings. Several questions, such as the registration method for MRI and CT, the value of DWI in rectal cancer radiotherapy treatment planning, the tumor volume segmentation method of PET imaging, and the optimal tracer for rectal cancer PET imaging, need to be answered by further research.
